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ABSTRACT

An improved model for the transient analysis of saturated
salient pole synchronous motors is presented. With the aid of
saturation factors obtained by test or with finite elements, Park's
equations for a synchronous machine are modified to independently
account for the saturation of the d and q-axis magnetizing flux
linkages in the region of the stator teeth and rotor pole face as well
as saturation of the total flux linking the stator core. The model is
used to calculate the starting performance for a direct on line start as
well as the transient performance during a load change. These
transients are correlated with both test results and the results
predicted by a traditional model employing only d-axis main flux
saturation. The new model shows improvement over more tra-
ditional models indicating that representation of both main flux and
core saturation are important for synchronous machine analysis.
Keywords:Saturation, Synchronous Motors, Starting, Torque.

INTRODUCTION .

The useful life of industrial synchronous motors are
dependent on many factors including ambient temperature, severity
of over and under voltages and voltage imbalances. An important
practical concern is the starting phase of the industrial drive motor
operation during which time the motor accelerates to the steady
state full speed. Because of the large inrush transient currents
flowing into the motor during the starting conditions (which result
in heating of the motor windings) many large industrial drives are
protected to prevent the motor from repetitive starting beyond
specified limits. Such concerns are particularly important in
applications where the motor is required to carry high inertia loads
at starting as in the cases of pump loads and compressors.

During the starting interval, the transient currents generate
double slip frequency pulsating torques. In a complex mechanical
drive application, the mechanical system can have numerous
resonance frequencies lying bétween zero and twice the supply
frequency. If these resonance frequencies coincide with the
pulsating torque frequency of the motor, severe torsional
oscillations can result which can lead to coupling shearing and shaft

ge.
In view of the practical importance of the starting transient
of synchronous motors, accurate methods to predict starting
currents and the resulting electromagnetic torques are an essential
application consideration. Relative to the recent activity in
saturation modelling of induction machines, there has been little
work done recently on saturation effects in synchronous machines.
Over 30 years ago, Thomas [1] in discussing reference [2] deri\{ed
an extended d-q-0 model of saturated synchronous machine which
adjusted the main fluxes in the d and q axes for both steady and
transient state operation. De Mello [3,4] took account of the
saturation due to the field of the synchronous generator using an
approach similar to that suggested by Thomas and obtained good
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correlation between experimental and simulated results. Shackshaft
[S] using a somewhat empirical method obtained equations for
saturating mutual d and q axes reactances for salient pole
synchronous machine. Assuming sinusoidal variation of
permeance, the saturated mutual reactances are made functions of
saturation factors and intersaturation terms. In a more recent paper
Harley et. al. [6], suggested a model for the saturated synchronous
machine using d and g- saturation factors which are functions of
the flux in their respective axes. ‘With this model they show that
for a micro alternator, saturation in the q-axis is important in the
determination of the initial value of the load angle after short circuit
faults. Ramshaw and Xie [7,8] have suggested models for round
rotor and salient pole synchronous generators using the concepts of
"static"and "dynamic" permeances to represent the saturation of the
air gap flux. Accounting for saturation effects on the d-axis
magnetizing path, they showed that for a line to ground fault on a
line of a double circuit transmission line connected to a
synchronous generator, the calculated power angle swing was
reduced with the saturated model compared to the constant
parameter model indicating greater critical clearing fault time for the
saturated model.

Until recently, modelling of synchronous machine
saturation was effectively limited to models in which the necessary
saturation curves could be established by means of measurement.
One of the traditional difficulties with the lumped saturation models
heretofore used, is the fact that saturation occurs at different points
within the machine for different modes of operation. For example,
during normal load transients, the field current is relatively large
and saturation is, to a great extent, limited to the region of rotor
core under the field windings. Hence, a simple d-axis saturation
model will adequately predict load transients provided the
excursions are not too large. However, during the starting
process, the field flux is relatively small and saturation primarily
occurs in the stator core. In addition, the maximum core flux is
dependent on the vector sum of the total d- and g-axes flux so that
construction of an appropriate saturation function in a rotating d-q
axes must be implemented in an entirely different manner. It is
therefore clear, that when accuracy is desired during both
conditions with a single model or when a solution is required
during the period between these two conditions, i.¢. during the pull
in interval, conventional models continue to be lacking. However,
with the advent of finite elements, analytical methods have
improved to the point where machine parameters can be calculated
with complete reliability. Hence, in the view of the authors, the
time has arrived to look beyond models restricted by experimental
limitations and develop new models, which, accompanied by finite
element calculations, may improve computational accuracy.

In this paper a new equivalent circuit model is presented
which can utilize finite elements for the computation of the circuit
parameters[9]. The model accounts for the saturation effects in the
stator core, rotor core, as well as stator teeth and rotor pole face,
using separate saturation factors. The saturation factors inherently
account for intersaturation phenomena between the d and q axes
since they are defined in a general manner as functions of the total
flux linkages depending on the data determined from a finite
element model. The modelling approach proposed in this paper
combines the advantages of the finite elemerit method for parameter
determination and the simplicity of the equivalent circuit approach
making it more attractive in terms of computational time compared
to other methods that solve the complete magnetic circuit at every
time step [10]. The derivation of the d-q equations of the
synchronous machine in the rotor reference frame accounting for
the instantaneous spatial saturation effects is the theme of this
paper.
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MAGNETIC CIRCUIT MODEL

The concept of topological duality is frequently used to
obtain the electric equivalent circuits of the machine from the
magnetic equivalent circuits. This approach has an advantage over
the usual method of deriving the electric equivalent circuit which
relies on the concept of mutual coupling between windings in that
the effects of magnetic nonlinearity can be easily represented. The
stator and rotor windings can then be transformed into equivalent
mutually perpendicular d and q windings from which the magnetic
equivalent circuit for each axis is obtained. The MMF due to the
currents flowing in the d and q-axes windings are consumed in the
end winding and slot leakage parts, air gap, teeth, pole faces and
the stitor and rotor cores and can be accounted for independently if
necessary.

The magnetic equivalent circuit assumed in this paper is
shown in Fig. 1(a) for the equivalent d-axis magnetic circuit. It
should be noted that this circuit is similar to that of Slemon [11].
Slemon's model, however, was used only for steady-state analysis
and, when ultimately implemented, was reduced to a conventional
lumped d-g-axis saturation model. In Fig. 1(a) the reluctance Rgy
represents the reluctance due to stator flux linkages which are
essentially in air and effectively correspond to the end winding flux
linkages [12]. The reluctance Rgp, represents the stator leakage flux
linkages which have an iron path, i.e. the slot, harmonic and tooth
top leakages. Rg is the reluctance corresponding to the permeance
of the stator core. The MMF drop across this reluctance is, in fact,
assumed to result from the vector sum of the q and d-axis core flux
linkages rather than the d-axis flux alone as implied by Fig. 1(a).
The quantity Ry, is the reluctance associated with mmf drop
across the stator tooth, air gap as well as rotor pole. The
corresponding equivalent electric circuit is obtained essentially from
the circuit dual of Fig. 1(a) and is shown in Fig. 1(b). The same
approach of derivation of the d-axis equivalent circuit is also used
for the g-axis windings.

SIMULATION EQUATIONS ACCOUNTING FOR
SATURATION EFFECTS

Figure 2 shows the complete equivalent d-q circuit model
which follows from the electric circuit model of Fig. 1(b) and
conventional d-q analysis [13]. In the following analysis both the

saturation of the stator core (Lgc) and the stator teeth and field pole

(Lmd,Lmq) are considered. In general, the inductances Lsb, Lgrb»
and Ly can also saturate. However, for the machine studied in
this paper this inductance can be assumed as constant.

In order to simulate the machine with the minimum amount
of computational effort it is important to avoid so-called algebraic
loops. The approach taken in this paper follows that of Ref 12.
From Fig, 2 the well known d-q voltage equations in the rotor
reference frame remain as follows:

Vas =rsiqs+—(§—b-qu+—$—;\|lds )
Vds =Tslds + % Vs~ %qu @
vkq=rkqikq+—£;wkq ‘ )
Vkd = Tkdlkd * % Vid @
Vd =Trdifg *+ mlb Vid | ©)

where p denotes the time derivative operator d/dt and viq and viq
are zero.

In order to incorporate the effect of saturation the equations
for the flux linkages are written as follows:

"’qs = Xsaiqs + quc(sat) ©
\yqsc(sat) = XsbiqSs + \vmq(sat) (@)
Vgs = Xsalgs + Ve 520 @®

(a)

(b)

Fig. 1 (a) Magnetic and (b) Electric Equivalent Circuits of d-Axis
Flux Components.of a Synchronous Machine.

s ohgy lsa Ly lab Lk ryq
+ -

Fig. 2 g&gc Equivalent Circuit of a Salient Pole Synchronous

hine.
A dsc(sat) = Xsbi dss Y d(sat) ©)
qu= Xlkqikq+ wqrc(sat) (10)
wqm(sat) = erbiqrr + wmq(sat) (11)
Vg X Yarc(a) (12)
s drc(sat) =X drbi drr ¥ Vi d(sat) (13)
14

Vg™ Xjgaigat Yare®a

where, the flux linkages Aqs, and Agg, have, in conventional
fashion [14], been multiplied by a constant base frequency wp to
yield the d-q stator flux linkages Wqs, Wds having units of volts.



The quantities Yqsc» Wdsc and Ware» Vdrc are the g, d stator core
and rotor core flux linkages in volts respectively. The quantities

VYkd> Vfd, are the d-axis flux linkages for the damper and field
windings respectively, and Wy, represents the g-axis damper flux

linkages. From Egs. (6) to (14), the following expressions are
derived for the machine currents,

iqs= [ Vgs™ Vgsc(sadl Xg, @15)
135= [ Wgs~ Wyscsan] X, a6
iqss= [quc(sat) - \|lmq(sat)]/Xsb 17
igss™ [Wsc(sa) - Vipg(sadVX. 8)
ikq= qu' \Vq,c(sat)llxlkq ' .19
ikd= [‘de' ‘I’dl'c(sat)]/xlkd (20)
g Wre(s) - Ving(Ga0VX @)
igrr= [Wrc(sat) - Yimd(sanl/X drb 23

In Egs. (15) to (23), the inductances have been replaced by
equivalent reactances i.e,

X1k “bl1q @
and, so forth for the air dependant d-axis leakage reactance Xikds
the field leakage reactance X¢g, the stator iron dependent leakage
reactance Xgp, and the sfator air dependent leakage reactance Xsa
and the rotor iron dependant leakage reactances X gy, and b It
is important to note that the leakage inductances in Eqgs. 15-23 are
all linear so that division by non-linear quantities is completely
avoided and the computational effort to solve the system equations
is greatly reduced. )

The currents igs, igs are the q and d currents flowing into
the stator terminals, iy, igss, denote q and d stator magnetizing
currents, ikq, ikq, are the rotor q and d currents flowing in the
damper windings, ig, is the rotor field current and igrr idur are the
d,q rotor magnetizing currents. '

When the current equations are substituted in equations (1)
to (5), the following flux equations result:

Vs = Vas + 3 (VgscSaD - Vo) - L e @5

b xsa mb

P Ts » @

o Vds = Vds T v Wysclsat) - wa) + ==y (26)

o, ds = Yds X dsc ds o, "as

p "kq

m_b' ‘I’kq= qu +X— (\Vqrc(sat) - \"kq) (27)
lkq

P 'kq

m_b \Ilkd= de +X_ (Wdrc(sat) = \de) (28)
lkq

p Tfd

m_b \Vfd= vfd m("’dm(sm) - Wfd) (29)

The unsaturated magnetizing flux in the d and q axes are
given as:

wmq(unsat) = qu (iqss"' iq . (30)
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Vpng(unsat) =X 4G assT e €2))
The saturated d-q flux of the magnetizing branch is ‘given as:
Ving(sat) = Yq(umsat) - A‘l’m_q (32)
Yimd(5at) = Yy, g(unsar) - Ay o (33)
A\vmq= (I-Kmq)\pmq(unsat) 34)
AV = (1-K ) g (unsat) (35)

where, Kpg, Kmq are the saturation factors for the d and g-axis
magnetizing fluxes which are function of the total q and d-axis
unsaturated magnetizing flux linkages given as:

Yp,(unsat) = ‘/ \|t2mq(unsat) + \|12 md(unsat) (36)

and, A¥md, Aypq are changes in the flux levels from the
unsaturated values in the d and q axes respectively. )

When the currents in Egs. (15) to (23) are substituted in
Egs. (30) and (31),

W, A\
qsc qre
v, ~(unsat) = [ +T— 1]
mq xrnqq Xsb X qrb
1 1
+ G—+5—) Ay @37
quq Xsb erb ™q
Vasc  VYare
Ynd(unsat) = [+ ]
1 1
* Xmadlg —*x ) AV, 38
Xp Xap ™
where,
1 1 1
X  =lc—+—t=—") (39)
mdd X - Xsb X drb
1 1 1
X =/ +——+ ) (40)
maq qu Xsb erb
The unsaturated core fluxes are given as:
Vgsclnsat) =X (igg -ige0) 1
Vgectansat) = X (i ds " lges) 42)
\yqrc(unsat) = erc ( ikq - 'qrr) 43)
wd:c(unsat)=de(ikd+ ifd -idn) (44)

Substituting the expressions for the currents in the equations above
it can be shown finally that,

wdsc(unsat)=Xscc[(—+ X )

1
+(X +

1
) Ay, ] 45)
sa dsc

Xsb

v v
v (unsat)=X_. [(J9E +—D0 )
gsc scc Xsa Xsb '
1 1
+H(g—+—)Ay ] (46)
Xa Xy O
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Yid |, Vi +Wmd(sat)]

‘Vdrc(unsat) = Xdrcc [

Xikd led Xy0
+Ay, [——1—'+..l_+ 1 ]X -
drc Xlkd xlfd Xdrb drce
v v
Varc(unsat) = ercc [Ylﬂ + _%‘1@92 ]
lkq qrb
+ay [ +1-]x I
qre Xlkq erb qree
where,
1 1 1
Xen=W=—t——t—— -
e XSC sa Xsb
X =(—-—1—+__._1__+___1_+_1_)-1 o
drce X dre Xlkd led Xd,b
-1
, ) (51)

X = ( 1 1,
qree erc Xlkq Xqrb
The changes in the d and q axes flux linkages in the core due to
saturation are now given as

AYgse= (1K Iy (umsat) (52)
A o= (1-K QW4 (unsat) (53)
AW qre= (1-K gr)Wgro(unsat) (54)
AV gre= (1-K gV gr (unsat) (55)

Whereupon the saturated d and q core flux linkages can be written
as,

quc(sat) = \(lqsc(unsat) - A"’qsc (56)
Wgsc(san) = Wye (unsat) - Ayge, (57
\vqrc(sat) = \Vqrc(unsat) - A‘l’qm (58)
Wrc(sat) = Wy (unsat) - Ay (59

The quantities AWqsc, AWdsc and AWgre, AWgrc are changes in the
flux linkages in the q and d axes due to saturation in the stator and
rotor cores. The parameter K is the saturation factor for the stator

core and is a function of the total unsaturated stator core flux
linkage,

Y (unsat) = \/ qlésc(unsat) + \y(zisc(unsat) 60)

The rotor saturation factors Kg; and K are defined in a similar
manner.

The electromagnetic torque of a machine with a number of
poles P is then given as,

T 23_P _ Co
e~ 2 Ty Vas'sVas'a) ©D
Finally, the equation of motion for the synchronous motor can be

written

O
J o T, - Tl 62)

In summary, Eqgs. (25) to (62) are the equations to be solved
for the performance of the saturated salient pole synchronous
machine with saturation effects in the poles, tooth and in the stator
core. A simulation block diagram for the d-axis flux linkages
corresponding to these equations is shown in Fig. 3. The g-axis flux
linkages are obtained in a similar manner. The simulation for the
machine currents, torque and speed follow conventional procedures.
1t is important to note that the effects of saturation have been isolated
in three simple non-linear blocks.

DETERMINATION OF SYNCHRONOUS MOTOR
PARAMETERS

In general, conventional approaches has been followed to
determine the parameters of the test machine and not finite elements.
The parameters of the test motor are shown in Appendix A. For the
implementation of the proposed model, a special method for the
determination of the unconventional parameters was designed. The
test machine was mechanized with search coils in the air gap, the
stator slot and around the stator core for the measurement of induced
voltages under varying load, stator terminal and field voltages. The
measured induced voltages, terminal voltages, currents, load and
power factor angles were used to calculate the stator core, rotor core,
q and d magnetizing reactances and their corresponding saturation
factors for varying degrees of excitation of field currents. This
method of parameter determination [3] based on actual data collected
in the operability region of the machine, as opposed to the use of no
load and short circuit tests has the potential of capturing the
interactive effects of the field and the stator flux linkages and the
intersaturation phenomena between the q and d axes. Figures 4
through 6 show the saturation factors for the d and g-axis
magnetizing fields and the stator core. It was determined through test
that the rotor was not appreciably saturated so that the rotor saturation
factors Kgr and K were set equal to 1.0. Also, for the test motor,
the d-axis reactance and the saturation factor was independent of the
g-axis flux linkages while the g-axis reactance and saturation factor
depend on the total magnetizing field flux linkages. Admittedly the
parameter determination method followed in this work is tedious but
finite element analysis methods can be used to determine these
parameters by using measured currents as inputs to the programs [9].
However, in [13), a detailed description of both the experimental and
finite element method approaches are laid out for the determination of
the machine parameters.

n O-~{1/p— Yka

a,b,c,k: Eqs, 35,38
d.e.f:Egs. 45,53 g,h,1,§: Egs. 47,55
m: Eq. 26; n: €q. 28;q: Eq. 29
Fig. 3 Simulation Diagram for d-Axis of Salient Pole Synchronous
Machine Including Stator Core, Rotor Core and Main Flux
Saturation Effects.



STARTING OF SALIENT POLE SYNCHRONOUS
MOTOR

In order to verify the usefulness of the proposed model
(model I), simulation has been implemented for the starting of a three
phase, three wire 208 V salient pole synchronous motor rated at 25
HP without connected load. For comparison purposes a simulation
of the conventional model which considers only main flux d-axis
saturation (model II) has also been carried out. Figure 7 shows the
speed profiles of the free acceleration run up condition for the two
models together with the measured experimental result. The
measured run up time is 0.66 seconds which compares to the
computed time of 0.64 second for model (I). The constant parameter
model gave run up time of 0.72 seconds. Figure 8 shows the
corresponding computed and measured electromagnetic torque. A
close correlation between the prediction of model (I) and the
measured developed torque can be noted. The d-axis saturation
model II clearly predicts less developed torque at starting. Figure 9
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Fig. 4 Saturation Factor for the Magnetizing d-Axis Main Flux as
a Function of the Unsaturated d-Axis Main Magnetizing
Flux.
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Fig. 6 Saturation Factor for the Stator Core Flux as a Function of
the Total Unsaturated Core Flux.
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also shows the phase "a" stator current and again a good correlation
can be seen between the calculated result from model (I) and the
measured current with each indicating a peak current of almost 500
amperes. Figure 10 shows the field current during the run up time.
The profile and the magnitude of this current computed by model
(I) and the measured profile are very much the same. Note that the
d-axis main flux saturation model has a higher initial field current
compared to the measured value.

In general it is evident from the above comparisons that
accounting for the magnetizing field and core saturation in the
analysis of the synchronous machine has an important effect on the
run up time, the starting torques and currents. The d-axis
saturation model tends to give results which are on the low side for
the starting currents and torque and yields a longer run up time.
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(c) Model II with Saturation only in d-Axis Magnetizing
Branch.



()

79.3%e8 13

1. 000000 Vv

6.00

g “I.
® g MM\ A

B‘f
RUAIIL 4

-2.00

0.00 u.18 0.32 0.48 0.84 0.80

6.00

3.75

%R \

o

wl

=

(© ~—

w
o
:
o
(=1
i 0.80 1.00

Fig. 8 Starting Transient of Salient Pole Synchronous Motor
Showing Electromagnetic Torque. (a) Experimental
Results, Scale: 125 Nm/div, Time: 80 ms/div, (b) Model I
with Saturation in Stator Core and d-q Magnetizing
Branches, (c) Model II with Saturation only in d-Axis
Magnetizing Branch.

BEHAVIOR OF MOTOR WITH CHANGE IN LOAD-

TORQUE

Under starting conditions most of the saturation occurs in
the stator core so that to a first approximation saturation can be
neglected in the d and gq-axis magnetizing inductances. It is
therefore important to test the model when the motor is loaded with
some excitation in the field so that air gap flux linkages in the d and
g-axis are substantial. For this purpose, the experimental motor
was loaded with a torque of 150 Nm with 115 Volts excitation
voltage corresponding to approximately unity power factor and
after a long time of steady state operation, the load is suddenly
rejected. The loading and rejection was simulated using models ()
and (II). Figure 11 illustrates the measured and simulated
developed torque profiles after the load was rejected. There is a
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Showing Phase a Stator Current. (a) Experimental
Results, Scale: 250 A/div, Time: 80 ms/div., (b) Model I
with Saturation in Stator Core and d-q Magnetizing
Branches, (c) Model II with Saturation only in d-Axis
Magnetizing Branch.

close correlation between the measured and the simulated result of
model (I) particularly in the settling time. Figure 12 (a) shows the
measured phase a' current which compares very well in mag(utude
and profile to that predicted by the new model shown in Fig. 12
(b). The d-axis saturation model predicts slightly less steady state
current as illustrated in Fig. 12 (c). It can be ‘not'ed that the
difference between the two models is not substantial in this case,
which is to be expected since the good accuracy of d-axis saturation
model under such conditions is widely accepted.
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CONCLUSION

Simulation and test results have" indicated that for accurate
computation for both synchronous and asynchronous operation of
a salient pole synchronous machine performance the saturation
effects in the stator core as well as magnetizing flux should be
considered. Models neglecting stator core saturation will give good
results only during low voltage starting. The influence of the field
core saturation is most felt in the steady state when it is in a deeply
saturated condition.
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APPENDIX A

PARAMETERS OF TEST SYNCHRONOUS MACHINE

The synchronous motor used for the simulations is a 25
HP, 6 pole, salient pole synchronous motor rated at 208 volts line
to line and rated current of 58 amperes. The rated field current is
3.8 amperes and requires an excitation voltage of 125 volts for
unity power factor operation at rated load. The parameters of the
test synchronous machine are as follows:

Stator resistance per phase, rg = 0.0667 Q

Q-axis damper resistance referred to the stator, Tkq = 0.0904 Q
D-axis damper resistance referred to the stator, iy = 0.0993 Q.
Rotor field resistance referred to the stator, rgg = 0.017 Q.
Stator end- winding reactance per phase, X, = 0.0606 Q.

Stator slot leakage reactance per phase, Xgp, = 0.0606 Q.

Stator core reactance per phase, Xgc = 38.25 Q.

Unsaturated d-axis magnetizing reactance/phase, Xyq = 1.62 Q.
Unsaturated g-axis magnetizing reactance/phase, Xmg=1.09Q.
Rotor field leakage reactance Xjgq (referred to stator) = 0.6291 Q
g-axis damper winding leakage reactance, Xkq =0.594 Q.

d-axis damper winding leakage reactance, Xy 4 = 0.574 Q.
Inertia of the motor without connected load, T = 1.10 kg m2
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